and extensive work led to general definite conclusions which are the foundation of all modern developments in soap manufacture. ' We are now in a position to state that all soaps, pure, mixed, commercial, whether potassium or sodium, are essentially of the same type. The differences are in degree and not in kind and the equilibria are so similar in the various cases that by means of numerical factors the effect of any electrolyte or mixture of electrolytes can be fairly closely predicted. Finally, to a large extent, the behaviour of a mixture of soaps can be inferred from that of its pure con stituents taken separately. It is found also that the results from such smallscale laboratory experiments as are described in the present paper are in numerical agreement with similar results obtained on a full commercial scale. ' Elford could make this last statement because he actually carried out many experiments in the soap factory, using each oil on a semi-commercial scale. It is a tribute to his personality that he got on so well with his colleagues and with the factory people in this very ancient and secretive industry.
It is interesting that though others in the laboratory were carrying out work on ultrafiltrations, he did not take an active part, although shortly afterwards he was to achieve an international reputation by developing this technique as the most important method of determining the sizes of virus and phage before the advent of the electron microscope which fully confirmed his pioneering results.
In October 1925 he came to the National Institute for Medical Research at Hampstead to work under the late Mr J. E. Barnard, F.R.S. He remained at the Institute for the rest of his life.
In 1925 research on viruses had just got well into its stride there, as one of the major activities of the Institute. Barnard was developing ultra-violet microscopy and was himself a great friend of Bechhold, the pioneer of ultra filtration. Naturally therefore he thought of getting someone to work at Hampstead on the filtration of viruses: no better choice could have been made than that of Elford. During his first five or six years Elford worked out the principles of making accurately graded collodion membranes and using them to measure the sizes of small particles. From 1931 onwards this knowledge was, with the help of various collaborators, applied to measuring sizes, especi ally of viruses. Nowadays, the virus worker, when he mentally classifies the viruses, thinks of them automatically as large ones, like vaccinia, or small ones like that of foot-and-mouth disease. The membranes which Elford invented proved to be the first tools for measuring these things, and they remain to-day the most convenient and accurate for the purpose. Without them our under standing of the nature of viruses would have been much hampered and delayed.
At first (3) he studied acetic-collodion membranes such as Bechhold had described: these were rather fragile by themselves and to obtain a strong membrane it was necessary to impregnate filter-paper with the collodion. The pore size varied over a fairly wide range, their structure being that of a microgel, with particles of microscopic dimensions, combined with that of ultragel. He early recognized that ether-alcohol collodion membranes would have great advantages, having a wholly ultragel structure. The submicroscopic particles making this up would be associated with greater uniformity of pore size. Further, such membranes could be tough enough to stand by themselves without the need for impregnating filter-paper. Unfortunately they were insufficiently permeable for bacteriological use. Throughout, Elford successfully applied optical methods as well as physical chemical ones to elucidate the problem. At this stage came his big contribution, the application to the problem of the antagonistic solvent action of amyl alcohol and acetone. In his classical paper in the Journal of Pathology and Bacteriology (6) in 1931 he wrote: 'The line of attack chosen was an endeavour to increase progressively the state of aggregation of the nitro-cellulose in the collodion, while still retaining the spontaneous gelling properties of the system. Amyl alcohol and acetone are found to be mutually antagonistic in their solvent action towards nitro-cellulose, for, while each in conjunction with ethyl or methyl alcohol is an excellent solvent, the presence of both in the same solvent medium eventually results in the coagulation of the nitro-cellulose. This phenomenon was exploited to bring about the desired aggregation in the collodion used for preparing ultra filter membranes. Varying amounts of amyl alcohol were added to a 10 per cent solution of Schering's celloidin in ether:alcohol:acetone = 1:1:2 parts by weight, and films were prepared and studied. When the solvents are allowed to evaporate from a uniform layer of such a collodion solution, the amyl alcohol, being the least volatile component, gradually increases in effective concentra tion and hence in the presence of acetone can initiate an aggregation process, while the alcohol and ether maintain the spontaneous gelling tendency. After a period the collodion sets to a semi-opaque film, which is then thoroughly washed in distilled water to remove the remaining solvent. . . . As anticipated, the resulting films increase in permeability as increasing amounts of amyl alcohol are incorporated. . . . I propose to refer to these new membranes as gradocol membranes, since they are products of a graded coagulation of collodion.'
These gradocol membranes proved admirably suited for the tasks required of them. The pores were very uniform, the maximum diameter being but little more than the average: conditions for their preparation could be laid down so that membranes with pores of a particular size could be made almost at will: a whole range of pore sizes was available from 3jU, to or less: the membranes were thin so that adsorption was minimized: further they were tough and could be sterilized by steaming: they were reasonably cheap and, as we now say, 'expendable', so that filter cleaning became obsolete. Methods were described for calibrating them, the most important being the measurement of the rate of flow of water through them under standard conditions (22) .
The principles of their use were described, especially in two papers in the Proceedings of the Royal Society (4, 13). It was early found that the size of a particle retained by the filters was somewhat less than that of the filter-pores themselves, and Elford gave an empirical factor for calculating the one from the other (13). For pores with average pore diameter 10 to 100 m/x, the size of the retained particle was 0-33 to 0-5 of that diameter; for membranes of 100 to i cj2
Obituary Notices 500 m//, the corresponding figures were 0-5 to 0'75 and for 500 to 1000m//,, 0-75 to 1-0. Thus the method of ultrafiltration gave an estimate of particle size which was not exact but lay within a narrow range. The results accorded closely with figures obtained by optical and other methods.
The first virus to be measured by this technique was that of infectious ectromelia of mice (5) (with Barnard and Miss Marchal). In this paper is also described the principle of purifying virus by filtering nine-tenths of a given volume through a membrane just retaining the virus, adding more fluid, again filtering away nine-tenths, and so on. Next, with I. A. Galloway, came footand-mouth disease (7), the virus of which is still the smallest animal virus known (8 to 12m//). The effects of membrane thickness, of pH and of the volume passed were described. In 1932, Elford with C. H. Andrewes (11) reported that bacteriophages, far from being variants of one agent, were of very varied sizes which did not depend upon the bacterium in which they grew. As he wrote later (40): 'The plurality of bacteriophages was thus clearly established . . . where formerly had been the tendency to classify all and sundry under the one heading "bacteriophage" .' Further, the sizes of the plaques formed on agar plates were found to vary inversely with the diameter of the phages. In successive papers other viruses were measured. The late Professor A. E. Boycott once remarked concerning these: 'Has not the time now come when it is un necessary to write a separate paper to record the size-measurement of every virus?' But in fact almost every one of the papers brought out new points con cerning the technique of filtration and the particular new difficulties arising with each virus. The sizes of the viruses of louping ill (14), Borna disease (15), pseudorabies (31) and rabies (34) were determined (with I. A. Galloway), of vaccinia (10), fowl tumours (21) and influenza (29) with C. H. Andrewes; of fowl plague (17) with C. Todd; of herpes (16), poliomyelitis (23) and St Louis encephalitis (25) with J. R. Perdrau, Wilson Smith and others. With E. Hindle measurements were made of spirochaetes (19). P. P. Laidlaw and Elford (35) described 'a new group of filterable organisms' from sewage and found their sizes much less uniform than with the viruses. A visiting worker from the U.S., J. D. Ferry (20, 30) , collaborated with him in studies of the ultrafiltration of proteins, especially serum proteins, haemocyanin and edestin: the largest of these proved to be bigger than the smallest viruses.
In 1936 Elford turned his attention to ultracentrifugation as a means of obtaining independent assessment of sizes of viruses and proteins (27). He devised an 'inverted capillary tube' technique; this tube dipped below the level of the fluid in a bucket-type high-speed centrifuge and the conditions for deposition of definite proportions of virus from the capillary were ascertained. The method eliminated some of the sources of error inherent in earlier tech niques. Before, however, it could be used for calculation of sizes, information was necessary as to density of particles concerned. This was secured by centrifug ing in glucose solutions of varying specific gravity. Ultimately, estimates were obtained as to the sizes of bacteria, bacteriophages (27), the viruses of vaccinia, influenza, Rous sarcoma (28), foot-and-mouth disease, equine encephalomyelitis, louping ill (37, 38), and of proteins; his collaborators in this work were especially Galloway and Andrewes. In all instances the values found agreed well with those obtained by ultrafiltration.
Much of all this work was brought together in Doerr and Hallauer's Handbuch der Virusforschung(1938) in a chapter by Elford on 'The sizes of viruses and bacteriophages and methods for their determination' (40). For about fourteen years (1925) (1926) (1927) (1928) (1929) (1930) (1931) (1932) (1933) (1934) (1935) (1936) (1937) (1938) (1939) this had been the main theme of his research. He had, however, found time for other investigations. With Galloway he had studied other physical properties of foot-and-mouth disease virus, particularly after purification (33), and had shown how this virus could conveniently be dis tinguished from that of vesicular stomatitis, an important practical problem in some countries (18, 26) . With Andrewes, a number of investigations on phages were carried out. Large quantities of phage were shown to be capable of killing bacteria without multiplying (8). The neutralization of phages by antisera was found to follow a 'percentage law' (12); that is, a given concen tration of antiserum inactivated a constant percentage of phage, independently of the quantity of phage present. Burnet later found that this 'percentage law' applied to neutralization of viruses generally. Something was generally going on in his laboratory in the phage field: he published a paper in 1940 on purified phages (44), and in 1948 (with J. Smiles and F. V. Welch) on the effect of penicillin on the phage-bacterium reaction (54, 56); much of his later phage work, however, remains unpublished.
During the period 1925-1939 Elford had at first worked closely with Barnard's department of applied optics, and indeed he never ceased to use optical methods. Later he had a laboratory upstairs in the Institute in the department of Bacteriology and Virus Research under S. R. Douglas and later Sir Patrick Laidlaw. Here he was close to all of those who were studying viruses in experi mental animals. This close association proved most valuable for all concerned. Elford acquired from his colleagues a truly biological outlook and they learnt from him the importance of exact quantitative methods. There would often come from him a plea to make more observations on a few more animals so that results could be quantitative. He was an ideal collaborator: much of the work needed co-operation between two workers trained in different disciplines, and he was at his best in helping to plan such a combined investigation and in carrying out his part. He worked chiefly in a little corner laboratory packed with apparatus. Along the corridor a ladder led up to the constant temperature room where the gradocol membranes were prepared; and upstairs was another little room where he had his Ecco centrifuge and carried out his optical work. Later, he planned a fine department of Physical Chemistry at the new building of the National Institute at Mill Hill; but he was destined to work in this for only two years.
The beginning of the war in 1939 involved a redirection of activity for Elford as for many others. Sir Patrick Laidlaw was much impressed with the work of Trillat, Wells and others on air-borne infection, both from the point of view of protection against possible bacteriological warfare and because of the danger of epidemics of air-borne disease in crowded air-raid shelters. He therefore gathered together a team to work on this, and Elford was drawn into its orbit. First he collaborated with Laidlaw and D. G. ff. Edward (47) in designing small-scale apparatus for infecting mice with aerosols of influenza and other agents, and studied the conditions for survival of virus suspended in the air. Then for a year he worked with Charles Todd and later with Mrs van den Ende (49) on the action of disinfectant aerosols on sprayed organisms. Glass-lined tanks were devised and fitted up for controlling and measuring all the physical conditions of the experiments. He reached the conclusion that sprayed hypochlorite solutions owed their activity as aerial disinfectants to the hypochlorous acid gas liberated-a question much in dispute at the time. This work had to be interrupted for a while so that tests could be made of the air-disinfecting powers of ozone, a matter urgently requiring an answer. Here he worked in a small experimentally-fitted room on a rather larger scale than with the tanks. It was concluded that against natural air-borne infections, where floating organisms could be protected by a little protein or mucus, ozone would be of little value in tolerated concentrations (46). This was a less satisfactory period for Elford. He was critical of what he thought the insufficiently supported conclusions of some of his colleagues and they in turn were sometimes impatient of his painstaking plodding methods. His health became less good and in 1942 it was found that he had a raised blood pressure with retinal lesions. A poor prognosis was given. He had to give up lawn tennis and other physical activities and to restrict his hours of work. This restriction he carried out for a time but was too intent on work to be able to submit to control for long. Under therapy he became adjusted to reasonably normal activity, but there were recurring and sometimes frightening attacks of giddiness, from which as time went on he tended to take longer to recover.
Fortunately he was spared to make one other really important contribution to scientific knowledge. He collaborated with several colleagues soon after the war in comparing the physical properties of the viruses of Newcastle disease, fowl plague and mumps and incidentally became more interested in electron microscopy (55) . He found, with I. M. Dawson, that the ghosts of laked fowl red cells formed suitable objects for study in the electron microscope (59). The viruses just mentioned and those of influenza were adsorbed on to these ghosts, as to intact cells, and could be revealed very beautifully in electron microphotography. Early in 1949 preparations of recently isolated influenza A viruses from the current epidemic were examined by this technique and were found to show many long filamentous forms as well as the 'orthodox' small spheres. Such filaments had been seen before by Mosley and Wyckoff but were not regularly present and were not accepted as of particular importance. Chu, Dawson and Elford (57) showed that they were characteristically present in large amounts in recently isolated as contrasted with laboratory-adapted strains of influenza. They wrote: 'The evidence suggests that these elongated filamentous structures . . . represent a stage in virus multiplication. This view, should it be confirmed, . . . would revolutionize our conception of the way some viruses can multiply.' He could show, too, that filamentous forms of influenza could be directly visualized by dark ground microscopy, a discovery which, as F. M. Burnet wrote from Australia, gave much pleasure to many people.
He was working actively till within a few weeks of his death from cerebral haemorrhage on 14 February 1952.
Elford remained a bachelor. He lived by himself in rooms, being fortunate in finding quarters where he was well looked after and could make a little home, surrounded by many books covering many branches of science. Before his illness he was an active member of a lawn tennis and badminton club at Finchley and on several occasions won the cups for their men's tennis singles. He attended a Congregational church and sang in the choir. At the Institute he took a keen interest in the sports and other community interests of the assistant staff. His holidays he usually took alone.
He was always shy and reserved even with his own family, but all who had much contact with him came to hold him in great affection and esteem. He could expound a theme well, but did not often do so in public. His writings do not make easy reading. Every sentence is exact and accurate, but the simpler words of Anglo-Saxon origin are too few. All he did was methodical and orderly. Amongst his great merits were a capacity for hard work, the power to devise and carry out the elegant experiment, an unwillingness to let imagination too far outstrip the facts. These things make for a good scientist, but in his position of a physical chemist working with biologists, a still greater virtue is the capacity such as Elford had for free and unselfish cooperation. Exp. P ath. 13, 13.
